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Central regions on the digital maps of 13 condensations of Comet Shocnlaker-
I,cvy 9, obtained with the Planetary Carnerii  of the ]Iubble  Space Telescope
in January, March, and July  1994, have been analyzed with the aim to search
for major fragments, to deconvolve their contributio]ls  to the signal that also
includes the light scattered from dust in a surroundil]g  cloud, to estimate their
dimensions, and to determine their spatial distributions in the comae as projcctcd
onto the plane of the sky. It is founcl  that sizal~le frag[ncnts  apparently survived
until the time of atmospheric entry, a result that does not contradict evidence
on the comet’s continuing fragmentation. On ]Jlausiblc  assuInptions,  the largest
fragments are found to have had effective diameters of N4 km as late as the
beginning of July 1994. Sizable companions (N I k]n or ]nore across) were detected
in most condensations within  NIOOO krr[ of the ]Irojectcd  location of the brightest
fragment, with the surrounding dust cloud centered on a ])oi]lt  t}Iat  is shifted in
the genera] directic~n  of the tail, an effect of solar radiaticJIl  pressure.

1. INTI~ODLJCXIOPJ

‘Me  nuclear size is one of the fundamental l)ulk properties of every comet. Its krlowledge
is essential I]ot oIlly for our ullderstanding  of the object’s olxcrvccl  physical behavior, but
is also crit,ical  for t,hcories  of comet formaiion  and lorlg-tcrnl  evolution. In the case of
Comet Shocrnakcr-  I.evy  9 ( l!393e), a further intent ive for pursu  i]]g all avenues available
to acldrcssillg  this problcln  was provided by the need to interpret the observed events  that
accompanied the c,o]net’s collision with Ju])itcr in July 1994. ‘1’l)c masses of the major
frag]ncllts,  closely related to their dimensions, are tl]c  only inadequately known quantities
preventing us fro]n  deriving reliable estimates for the kil]ctic  cIlcrgies  of the individual
nuclei al~d for tl~c total energy deposited by thcm ill the jovian  at]nosphcrc.

Estimates for the nuc]cus  diameter of tllc  parcllt coxnct and/or its fragments found
in the ]itcraturc  (Scotti  & Melosh  1 9 9 3 ;  W e a v e r  et al. 1994; Asphaug & Benz 1 9 9 4 ;
Chcrnctc]]ko  & Mcdvcdcv  1994;  Solcm  1994; SckaIlina ct al. 1994) f a l l  i n to  two  d i s t inc t
groups, corrcspol]cling  to 1--2 km and 7-10 krn for Lhc parcvlt.

2.  ‘]’IIE ~’l10111,Eh4

TIIC sizes of some of tllc comet’s fragtncnts  arc derivtd  in tl]is study photometrically from
irnagcs  obtaincx]  between January 24 and July 4, 1994 with t,llc  ]’lanetary  mocle Cllargc
Coupled l)cvicc  (CCD) c)f the \Vidc-Field  Planetary Camera 2 (\Vl+’I’C-2)  of the Ilubble
S p a c e  q’c]cscopc  (]1 S’ll), W]105C pixel size equa]s  ().04f)5 arcsec, ‘J’}Ic basic xnoc]us operandi
call bc compared with tl~at of Weaver et al. (1994) and tl]e  ]cadcr is referred to this
paper for inforlnation  otl the image calibratic)]l  and proccssillg.  IIowcvcr,  the  ana ly t i ca l
approach, applied here to cxtrac,t the contributions from major fragments hiclden  in the
surrounding  cloud of dust, is very different from Weaver et al. )s technique.



Thcobservcd  surface-brightness distr ibution in each condensat ion can in general  be ‘
consider-cd to consist of a convolved sum of contributions fronl  a Ilumber  of point sources
(rllajor  fraglncIlts)  anclax]uInbcro  fcxtcndedsouIces  (whit.}, ]]]akeup the surrounding
cloud of minor fragments and other particulate n Iaterial).  Available in practice were
digital maps of brightness distributions in fields of 15 pixels, c)r 0,7 arcscc, across and
ccntcrcd on the peak pixel. With the exception of tile condcnstaioll  S, no major deviations
froIn  an isotropic dccrcase in brightness from the peak pixel toward tile field’s edges were
present on t}lesc maps. Samples of 157 pixels  wit}]in  a circle  ] 5 pixels in diameter and
ccntcrcd on the peak pixel were employed.

‘1’hc  following description is limited to models with a lnultitudc  of point sources and
a single extended source, because tests showed that all soluticms  involving more than
one extended source encountered intractable convergence difticu]tics.  The approach has
two important features: (a) it allows the locatiol]  of the extc]lded  source’s brightness
peak to diflcr from the locaticm  of any of the point sources and (L) it also allows pixel
illtcrpolation,  takillg  into account the fact that the locatiorl  of al]y source (including the
peak of the extcntcd  source) does not generally coinciclc with t}lc c.c]ltcr of a pixel. Instead,
the coordinates of the source locations arc solved fo] by least scluares  alollg  with the other
parameters (Sees. 3-4). in practical applications, these two features were found to be
indispensable for a successful solution optimization,

3. TIIE POINT  SOURCES

I,ct 1](X, Y) be the observed amount of light in]pinging  ori a square-shaped pixel in
a row X and a coluInn  Y, measured in CC]) analog-to-digital  iIltcnsity  units (ADU).
The problem is to find summary contributiolis  from the individual point sources and the
cxtcndcd  source to the observed brightucss  distribution by intcg~atillg  thcm over all pixels
in t]lc  field and to clctcrminc the dimer]sions  (effective diameter) of each point source from
its i]ltcgratcd  signal and an a.SsLllncd  albcdo.

Consider first point sources. The need to solve for the locatioIl  of each source and to
]naintaiIl  tile problem easily tractable dictated t}lat  a sim])lc  an])irical  fuxlction  be found
that would reasonably well fit a rnodcl point spread functioI1’s  (PSF) pixel-signal distri-
bution  that was available in tabular form. After extensively ex])crimcnting  wit}l  a wide
variety of cancliclatc  functions, I settled on the following quasi- Gaussian approximation
for t}]c I’SF’s surface-brightness distriLutioll  law l+,~f(x, y), cx])rcssccl in A1)U per arcscc2:

[ (%YS’It)J,,f(x,lJ) = I)* Cx]) – (1)

w h e r e  a~,~f > 0 is tl]c  l’S1+’)s  clispcrsioll  para]nctcr  (in arcscc ,
)

v},,r > 0 is a climcnsionlcss
cons tan t  (vI,Sf = 1 for tllc Gaussia]l function),  and (:c2+-y2)]  2 == p is tllc angular distance
(in arcscc) from the PSF’s  peak. The surface brightness at the peak is bl),f(O,  O) = L*.
TIIC total sigI]at,  or the integrated bright]  !css, lx of a point source is, in ADU,

( 2 )

wllcrc l’(z) is t}lc Gamma function of argunlcllt  z >0. If {.X*, Y* } arc tl]c  pixel location
numbers of a given source (or its I’SF’s  peak signal), the c.oc)ldi]]atcs  of the ccntcr of an
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{X’, Y} pixel relative to this source are x := 11(X–X*) and y = II(Y– Y*),  where 11 is
the pixel  size in arcsec. The pixel locations {X, Y} have been defined by assigning the
coordinates {10, 10} to the center of the peak pixel.

Applied to the available PSI? pixel distribution for a poi]lt  souIce whose I* = 500 ADU
(close to the maximum integrated brightness encoul,tered  among the studied fragrncnts),
the introduced approximate solution yielded, with 11 = 0.0455 arcsec, the following bcst-
fit parametric values: aPBr = 0.0112 +- 0.0009 arcsec, vP~f  == 0.347 + 0.011, and therefore
1* = 0.004085 h. . The PSI?’S contribution of 93.4 ADU to the brightest pixel represents
18.7 percent of the entire signal and implies a peak surface brightness of 253 ADU/pixc12 or,
equivalently, 122,000  ADIJ/arcsec2. ‘J’he source’s int roduccd  position was recovered with
a formal precision of 0.03 pixel or 0.001 arcsec , al] error much smaller than the actual
uncertainties involved, ‘I%e solution leaves a mean pixel-signal residual of ~0.86 ADU
and a maximum residual of 3 ADU, which is slightl$v  lower than the cxpectcd  peak noise
assuming no contribution from flat-fielding ancl about ~ the exljcctcd  peak noise if the
flat-fielding noise is 5 percent of the signal. Mcasul  cd by these standards, the employed
quasi-G aussian  law should be considered as more than adequate for the purposes of this
study, which was confirmed by testing it against a more elaborate  approximation  law”

4, ‘J’IIE EX’J’ENJ)EIJ  SOUILCE AN1> THE SOI,UTION

‘1’wo different laws }~avc been considered for the surface-brig~itness  distribution be.,(p)  of
the cxtcncled  source. Convoluted with the I’SF, t}lc  laws arc assumed in the form:

I!@

[01

2V
Law A : hex, (p) = -– Law B :

1 +- (p/a)u ‘
&Xt(p)  == 1)0 exp – ~ , (3)

where p is the angular distartce  from the point. of peak surface brightness, L~Xt(0)  = bo,
of the cxtcndcd  source,  located at  a  pixel  ~)ositiol  1 {XO, 1%}. ‘J’hc  dispmion  u and the

) as well as Lo, Xo, and 3$exponent v (analogous, in the case of the law 13, to Opsf  and l~J)~f ~

arc constants to be dctmmincd  by a least-squares cliffcrcntial-correction proccdurc. ‘1’hc
{z, y} coordinates of an {X, Y} pixel relative to the peak of the extended source have
been defined as in the case of a point source.

‘J’llc observed pixel-signs] distribution can now bc modeled as a sum of tllc colltributions
from n point sources and the extended source. If tile pixel ]ocatioll  of an ith point source
is given by {(x* )i, (Y..”)i} and its surface-brightness distri~~lltion ~~Y ~~~~r(~~ Y), the modeled
distribution is calculated by the following integration over cacll  pixel’s area:

I)(X, Y)

71 rl[x-(x.),  +.$]

~{/[ !

I1[Y-(Y*)i  +-$] ~il

}

Il(x-xo+  $)

J
I1(Y-YO+  ;)

dx ~,,.f(~, Y) dY +J,(x_xo_+)  ‘x--- hxt(~,y)dv,—
i=l 11 X--(X*), -;] I1[Y-(Y*),  -+] II(Y–M-+)

(4)

wllcrc the location of the peak of the cxtcncled  source  is allowed to differ from tile location
of any of tllc considered pc)illt  sourccx,  X. # (XX )i and YO $ (Y* )i, (i = 1, . . . . n).

AI1 initial  solution for 11(~’, Y) that includes ~~ point sources alld  an cxtcndcd  source
has (37t~-5) parameters: (Ix)l, . . . . (Ix)m,  (Xx)l,  . . . . (Xx),,, (YX)I, . . . . (Y*)n, ~o, O, ~,
Xo, and Yo. ]t serves as a starting point of an iterative, least-scluares differential-correction
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pr-occdure  that allows one to ;terate  the solut;on  unt;l  ;t has convcrgcd.  If noise in the
input data impedes the convergence, one should first solve for only some of the param-
eters and expand the llumbcr  of l]arameters to (3n  ~ 5) graclua]ly,  after the convergence
is reached when solving for fewer than the full number- of paralnctcrs.  ‘J’he quality of fit
is determined by inspecting the pixel distribution of residuals frotn  the solution and by
comparing it with the expected instrumental noise vfiriatiolls.  ‘1’}Lc ultimate goals of the
error analysis cflort arc to discriminate as fully as possible bctwccn genuine unresolved
sources and artifacts of the applied procedure and to estimate the uncertainties involved.

5. THE RE S U L T S, DI S C U S S I O N , ANI) CO N C L U S I O N S

‘1’hc dcscribcd approach has been applied to digital maps of the brightness distribu-
tion in several nuclear condensations of Comet Shoelllaker-  l,evy !9, as observed with the
11ST ]’lanctary  Camera, The effective diameters of the fragments arc determined from
their R magnitudes (derived from the A1>U uliits  and the exposure tilne with the use of
a transformation formula), assuming a geometric albedo  of 0.04 and a phase cocfflcicnt
of 0.035 xnag/deg.  On these assumptions, the forlnal 1 u error in tljc calculated diameters
is typically ~0.1 to AO.2 km, but, realistically, diameters ~1 kln  can be at best only
marginally cletcctcd. independent runs made with the two laws for the extended source
sllowcd  similar rcsu]ts,  the: law A yielding slightly bet tcr rcsicluals.

l“or each colldcnsation  ‘1’able 1 lists  the effective diameter of the largest fragment and
the number of companions dctectcd  on the images taken o]) the three dates. ‘1’hc  dots
indicate that no appropriate data were available. Althoug}l  varying from case to case,
the largest fragment was typically found to contribute about 50 pcrcellt  of the light in
the peak pixel, the cxtelldcd source making UIJ the rest. CoInpanions  often accounted for
significant fractions of the light in small clumps of pixels on the sample’s outskirts.

~ABLE ]

Effcctivc  ~iametcrs  of Largest Fragments and Numbers of Companions
Prom 11ST 0bSf2rVtLtiOIIS (F;xtendcd  Source Subtracted Using I,aw A).

— - — . —.—— — .—. .-— — — — — — -— . — . —..——.
l,argest object’s Number of clctected

Corldcn- effcctive diameter (km)
sation

con]p.alliolls
— — — — — — ——-. .  —
Jan. 24--25 Nlar. 28-30 JuI.4 Jan, 24-25 Mar. 28-30 Jill.4

———— . .—— —— ——. — .- —..
F 2.3 2.1 . . . 1 1 . . .
G 4.3 3.7 . . . 4 3 . . .
11 3.3 . . . . . . 3 .,.
N 1.6 1.4 . , . 0 0 . . .
1’1 1.3 0.6 . . . 2 0 . . .
P * 2.4 1.4 SO. . . 4 . . .
Q1 4.0 2.9 3.9 5 2 5

Q2 3.2 1.5 2.5 2 3 3
R 2.7 2.1 , . . 0 2 . . .
s 3.6 2.5 . . . 8 6b . . .
,11 1.4 1 . , . . . .
(J 1.3 1’.0 ::. 0 0 . . .
v <<1 , . . . . . 0 . . . . .

———  —.. — .  — - —  —.——  . . .— — — — . —-———  — .—— —. .—-. —
0 F;ffectivc  cfimncter of t}]c  largest conipanic,n is 2.1 km.
b ~; ffective  ~iaTIlctcr of t},{; ]argcst  companion  is 2.3 krll.
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‘1’he results of t}lis investigation indicate that prolific fragmentation of the comet’s
nucleus continued for a considerable period of time after the initial tidal breakup in
July 1992, so that the dimensions of the individual fragments were time dependent. The
process of fragmentation, while essentially continuous take)l  stochastically,  appears to
have proceeded-—at least in its early stages, involving large, kilometer-sized fragmcnts—
in the form of discrete events, which can reaclily  ex~)lain  the repeatedly observed instances
of sudden, short-term brightening of the various coI ldensations. ‘1’llcre is little doubt that,
as a result of the fragmentation events  recurring over and over again,  many of the objects
eventually disintegrated to the extent that they could no longer  be dctcctcd  individually
even on a condensation’s digital map and, soonel  or later, tllcy merely contributed to
the surrounding dust C1O U C1 . However, available evidence shows that, in spite of the
progressive fragmentation, cme dominant fragment persisted in most conclensations.  Two
striking exceptions to this rule are provided by the condensations 1’2 and S. Weaver (1994a,
b) remarked on a peculiar appearance of both of them: I’z was clearly double on March
30, 1994, while a “spur” extending from S to the south was scc]l  both on January 24 and
March 30, but was brighter on the first date. The present analysis suggests that the two
major components of P2 were present already in late January, 0,135 arcscc apart, with the
fainter onc at a position angle of 235°. The spur of the fragment S appears on digital maps
to have consisted of four approximately aligned conlponcnts  0.08 to 0.31 arcsec away from
the brightest fragmcllt,  cm January 24 and the two innermost ccj]npanions  may have been
identical with some of the fragments detected two mont}ls  later. IIy then, however, the
primary nucleus of S was found to have broken int,c) two about equally bright components,
separated by 0,05 arcsec, or some 160 km in projection ont,c) t}le  sky p]anc,  and each of
a calculated cffectivc cliameter of ~2,5 km. The slightly fainter onc of the two was at
a position angle of ~140°.

The distributions of companions i~l the other co!)dcnsations  dicl not display any striking
patterns, Generally, however, the number of coml)anions  correlated with t}le size of the
largest fragment, as is apparent from l’able 1. Projected distmlccs  between  companions
were typically hundreds of kilometers and up to 1000-1500 km.

Although the dimensions of individual fragments must obviously have diminished with
time, no systematic rate of clccrease  could be established froxn tllc available data between
late January and early July 1994. In fact, shortly before their crash on Jupiter, the largest
fragnmlts were  still  found to have effective diameters comparable with those clerivecl  by
W e a v e r  et al. (]994) from the 11ST observations in July 1993 and collsistcnt  with the
dimensions of the comet’s ~)arcnt  nucleus proposed by Sckallilla  et al. (1994). ‘1’hc  rate of
dccrcasc  in the sizes of the large fragments, implied by their col)tinuing  breakups, appears
to bc much less significant than rotation variations in tllc projcctcd  cross-sectional area
of t}lcsc objects which undoubtedly were extremely irregular.

‘1’hc dust clouds in most of the condensations were foulld  to bc ccntcred on points
usually a few pixels  to the wcxt of the brightest fragments, wllic}l  was the direction of
tile tails and which is consistent with the presence of a slight cumulative effect due to
solar radiation pressure from the time of ticlal breakup iri July 1992. SUCII an effect is not
surprising, if the brightness of the CIOUCIS was clonlinated  by cclltinlctcr-sizccl pebbles,

TIIe  cvidcllcc presented ill this study leads to the following corjclusions:  (1) the steep
SIOI)C of the observed surface-brightness clistribution  in the ill]lnccliatc  proximity of the
peak pixc]  is duc primarily to the presence of an unrcsolvrd  source  a lnajor  fragmcnt---



and not an effect, of the spatial density of particula.tes  that increases rapidly toward the “
center of the dust cloud; (2) the derived signals of the major fraglnents  are rather insensi-
tive to the approximations employed for the I’SF’ ancl  for the brightness distribution in the
extended source; and (3) the largest fragmellts  detected on three different dates between
late January and early July 1994 are about 4 km across for an assumed geometric albedo
of 4 percent and a phase coefficient of 0.035 mag/deg, ‘1’hese col]clusions  corroborate
the earlier findings by Weaver et al. (1994)  and confirm my preliminary results on the
continuing presence of massive objects in the condensations, as IJublished  shortly before
the impacts with Jupiter (Sekanina  1994), but they appear to be contrary to Weaver’s
(1994a) more recent conclusions and are grossly incompatible with all estimates of less
than about 7--8 km for the effective diameter of the progenitor cornet.

The findings on the companion fragments are less conclusive. Relative to the major
fragments, the intrinsic brightness of these cjbjects  is generally less well determined and
the existence of some of thcm may even be in doubt. Because. of these uncertainties and
because of potentially hidden instrumental effects that might affect  the conclusions of the
present investigation, it is pruclcnt  to view t,}le results presented here as still somewhat
preliminary. lIowcvcr,  I submit that evidence uncler]ying  the fundamental conclusions of
this study is robust ancl that any circumstances severely affecting thcrn  would have to be
substantial, In any case, one cannot err by expressing belief that attention will remain
focused on the problcm  of analysis of the HS’T digital mal)s  as onc of the most hopeful
avenues in our quest for solving the problem of the dimcnsiolls  of- and the energy de-
posited in the jovian  atmosphere by---Comet Shoemaker--l,evy  9.
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